SP. Chymasemediated intestinal epithelial permeability is regulated by a protease-activating receptor/matrix metalloproteinase-2-dependent mechanism.
THE INTESTINAL EPITHELIUM is a single-cell layer that functions as a selectively permeable barrier, permitting the absorption of nutrients, electrolytes, and water while maintaining an effective defense against intraluminal toxins, antigens, and enteric flora (38) . Clinical studies have demonstrated a loss or breakdown of the epithelial barrier during chronic inflammatory diseases, including inflammatory bowel disease (IBD), celiac disease, and food allergies (7, 13, 26, 59, 74, 76, 83, 84) . These studies led to the identification of pathways that regulate intestinal epithelial barrier function during chronic disease and revealed a role for exogenous agents, such as bacterial toxins and luminal contents (60) , and components of innate and adaptive immunity, including lipid mediators, cytokines (IFN-␥, TNF-␣, and IL-13), inflammatory cells (T cells, macrophages, and granulocytes) (1, 78, 81) , and leukocytes (46) .
Recently, there has been an emergence of clinical data demonstrating increased intestinal epithelial barrier permeability in healthy first-degree relatives of patients with asymptomatic IBD, food allergy, and celiac disease (23, 83) . Importantly, these data suggest that altered intestinal permeability may not be a consequence of disease exacerbation but may also predispose to increased susceptibility to diseases including IBD, celiac disease, food allergies, type 1 diabetes, and multiple sclerosis (7, 13, 26, 59, 74, 76, 83, 84) . Consistent with this concept, a number of genome-wide association studies have identified susceptibility loci near genes that have been implicated in epidermal and epithelial barrier integrity (FILA, CDSN, PARD-3, MAGI-2, and claudin-1) with atopic dermatitis, atopic sensitization, celiac disease, and IBD. This has led to renewed interest in understanding the relationship between intestinal epithelial barrier integrity and chronic inflammatory disease susceptibility; however, pathways that regulate "steadystate" intestinal epithelial barrier function are not well defined.
Recently, we demonstrated a role for mast cells and the murine mast cell-derived chymase mast cell protease-4 (MCPT-4) in the maintenance of steady-state, or homeostatic, intestinal epithelial barrier function (19) . We showed significantly decreased basal small intestinal permeability in mice deficient in mast cells (Kit Ϫ/Ϫ , mast cells restored normal intestinal epithelial barrier function. However, the molecular basis of chymase-mediated regulation of homeostatic intestinal barrier integrity remains undefined. MCPT-4 is a serine protease with chymotrypsin-like specificity, cleaving target peptides and proteins after aromatic amino acids, especially tyrosine and phenylalanine (49) . On the basis of tissue distribution, heparin-binding properties, and substrate and cleavage specificity, the ␤-chymase MCPT-4 has been identified as the murine functional homolog to human chymase (3, 4, 70) . MCPT-4 cleaves several physiological substrates important for tissue remodeling and extracellular matrix (ECM) degradation through direct cleavage of ECM proteins and activation of ECM-degrading proteases, including matrix metalloproteinases (MMPs) (31, 69, 75) .
In the present study, we define the mechanistic basis of chymase-mediated regulation of intestinal epithelial permeability. We demonstrate that chymase stimulated an increase in intestinal epithelial permeability, which was associated with chymase-induced protease-activated receptor (PAR)-2 activation and MMP-2 expression and activation. PAR-2 and MMP-2 antagonism significantly attenuated chymase-stimulated barrier dysfunction. The chymase/MMP-2-dependent response was associated with a significant reduction in the tight junction (TJ) protein claudin-5, which was partially restored by MMP-2 inhibition. Finally, we demonstrate that bone marrow-derived mast cells (BMMCs) constitutively secrete chymase, inducing intestinal epithelial barrier dysfunction, which was attenuated by chymase inhibition.
EXPERIMENTAL PROCEDURES
Mice. C57Bl/6 mice were obtained from Jackson Laboratories; Kit W-sh/W-sh and Mcpt4 Ϫ/Ϫ mice on a C57Bl/6 background were kindly provided by Drs. Abrink and Pejler. Mice were bred and maintained on a regular mouse chow diet under specific pathogen-free conditions in our facility in accordance with guidelines of the Cincinnati Children's Hospital Medical Center Institutional Animal Care and Use Committee, which approved the protocol.
Cell culture. Caco-2 BBe human intestinal adenocarcinoma cells (American Type Culture Collection) were maintained in DMEM supplemented with 10% fetal calf serum, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 mM HEPES buffer, and 1ϫ penicillin-streptomycin (Invitrogen, Grand Island, NY) in 75-cm 2 culture flasks in a humidified incubator (5% CO 2 , 37°C). Medium was replaced twice weekly; when the cells reached 80% confluency, they were passaged using 0.05% trypsin-0.02% EDTA.
In vitro epithelial barrier function. For barrier function experiments, 5 ϫ 10 5 Caco-2 BBe cells were plated on Snapwell or Transwell filters (12-mm diameter, 0.4-m pore; Corning, Lowell, MA) and cultured for 10 -14 days. Transepithelial resistance (TER) was measured with an EVOM/Endohm or STX2 electrode (Costar), with correction for filter resistance. Only Snapwell filters with TER Ͼ250 ⍀·cm 2 were used. After baseline measurements, vehicle (control-PBS) or 100 -1,000 ng/ml human chymase (equivalent to 0.0354 -0.354 U/ml; Sigma Aldrich, St. Louis, MO) was added to the basolateral chamber. TER was measured up to 24 h following chymase stimulation. For inhibition studies, cells were stimulated with 0.05 U/ml chymase or 25 ng/ml MMP-2 basolaterally with or without the serine protease inhibitor chymostatin (100 M; Sigma Aldrich), the MMP-2 inhibitor ARP100 (5 g/ml; Tocris, Ellisville, MO), or the PAR-2 inhibitor SAM11 (25 g/ml; Santa Cruz Biotechnology, Santa Cruz, CA), and TER was monitored for 24 h. The control group represents the MMP-2 inhibitor ARP100 (5 g/ml) or the PAR-2 inhibitor SAM11 (25 g/ml) in medium alone. For permeability studies, Snapwell filters were placed in Ussing chambers following chymase stimulation, and baseline TER measurements were performed. After addition of 2.2 mg/ml FITC-dextran (4.4 kDa; Sigma Aldrich) and 1 mg/ml horseradish peroxidase (40 kDa; Sigma Aldrich) to the apical bath, 0.25-ml aliquots were removed from the basolateral bath and replaced with fresh Krebs solution every 30 min for 3 h. Horseradish peroxidase concentrations were determined by tetramethylbenzidine detection (BD Pharmingen, San Diego, CA) and spectrophotometry at 550 -450 nm. Dextran-FITC levels were measured by spectrophotofluorometry (490 nm excitation, 530 nm emission).
Gelatin zymography. MMP activity in cell lysate and supernatant was assessed by gelatin zymography. Caco-2 BBe cells were stimulated with 0.05 U/ml chymase for up to 24 h, and supernatant and cell lysates were collected. Cell lysate protein concentrations were determined by BCA protein assay (Thermo Scientific, Rockford, IL). Equal amounts of cell protein or equal volumes of supernatant were separated under nonreducing conditions in the presence of SDS on a 10% zymogram gel containing 0.1% gelatin (Invitrogen, Grand Island, NY). Gels were incubated for 90 min in 2.7% Triton X-100 to remove the MMP activity-inhibiting SDS and then overnight in zymogram developing buffer (5 mM Tris, 4 mM HCl, 20 mM NaCl, 0.5 mM CaCl 2 , and 0.002% Brij 35). Gels were stained with Coomassie blue (Bio-Rad, Hercules, CA) for 3 h and destained with a Coomassie destain mix until clear bands were visible on the dark-blue background.
Immunofluorescence. Caco-2 BBe cells grown to confluency on Transwell filters were rinsed with Tris-buffered saline (TBS) and fixed in 4% paraformaldehyde for 45 min on ice. Cells were permeabilized in 0.5% Triton X-100 for 10 min and blocked with 5% goat serum-1% bovine serum albumin-0.05% Triton X-100 for 1 h. Monolayers were incubated overnight at 4°C in a humidified chamber with primary antibodies: rat anti-human E-cadherin (1:500 dilution; Zymed, San Francisco, CA), mouse anti-human MMP-2 (1:400 dilution; Millipore, Billerica, MA), and rabbit anti-human claudin-5 (1:150 dilution; Zymed). The signal was detected by Alexa Fluor 488-and 594-conjugated goat anti-human, anti-mouse, and anti-rabbit antibodies (1:250 dilution; Molecular Probes, Grand Island, NY). Filters were placed on slides, and coverslips were applied using 4=,6-diamidino-2-phenylindole-Supermount G solution (Fluoromount-G). Images were captured using a Zeiss microscope and AxioCam MRc camera.
Western blot analysis. After stimulation, cell monolayers were rinsed with ice-cold TBS, and protein was extracted with extraction buffer (50 mM Tris·HCl, 150 mM NaCl, 10 mM CaCl 2 , 0.2 mM NaN 3 , and 0.01% Triton X-100) containing EDTA-free protease and phosphatase inhibitors. Protein concentrations were determined by BCA assay. Protein (20 g) was prepared under reducing and denaturing conditions, separated on 4 -12% Bis-Tris gels, and transferred to nitrocellulose membranes (Invitrogen). Membranes were blocked in 5% nonfat milk-0.5% Tween-20-TBS overnight at 4°C under gentle agitation. Primary antibodies for actin (1:2,000 dilution; Sigma Aldrich), claudin-1, -2, -3, and -5 (1:250 dilution; Zymed), occludin (1:500 dilution; Zymed), p38, phosphorylated p38, and phosphorylated p44/42 (Cell Signaling, Danvers, MA) were incubated with the membrane for 3 h. Membranes were incubated for 1 h with a goat anti-rabbit IgG peroxidase-conjugated secondary antibody (1:10,000 dilution). Enhanced chemiluminescence (ECL Plus) was used for detection, and densitometric analysis was performed using National Institutes of Health ImageJ.
Lentiviral transduction. For lentiviral short-hairpin RNA (shRNA) transduction, Caco-2 BBe cells at 70 -90% confluence were transduced with lentiviral particles containing shRNAs targeting PAR-2 (PAR-2 shRNA lentiviral particles; catalog no. sc-36188-v, Santa Cruz Biotechnology) or a nontarget control shRNA (82) . Lentiviral particles were incubated with Caco-2 BBe cells (multiplicity of infection ϳ10) in the presence of Polybrene (4 g/ml; Sigma) for 24 h and then selected in puromycin at a concentration that killed uninfected cells within 3 days (2 g/ml). Puromycin-resistant cells were passaged for 14 days and demonstrated stable green fluorescent protein gene expression (results not shown). The lentiviraltransduced Caco-2 BBe cells (passages 1-5) were grown to confluency under puromycin selection pressure until they reached Ͼ250 ⍀·cm 2 ; electrophysiological and biochemical analyses were performed as described elsewhere (82) . PAR-2 knockdown was confirmed by Western blot analysis using the anti-PAR-2 MAb (Santa Cruz Biotechnology).
BMMC generation. BMMCs isolated from 6-to 8-wk-old mice were maintained in complete medium consisting of RPMI 1640 supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 mg/ml), pyruvate (1 mM), nonessential amino acids, HEPES (10 mM), and 2-methyl-2-butanol (50 M). BMMCs were cultured in the presence of IL-3 (20 ng/ml; Peprotech, Rocky Hill, NJ) during weeks 1-3 and with IL-3 (20 ng/ml) and stem cell factor (10 ng/ml; Peprotech) during week 4. After 4 wk of culture, BMMCs were examined for the high-affinity receptor for the Fc region of IgE (FcεRI) and c-Kit expression by flow cytometry analyses, as we previously demonstrated (19) , and were found to be double-positive (95-97%) for FcεRI and c-Kit. Four-to 8-wk-old BMMCs were used for all experiments. In some experiments, BMMCs (2 ϫ 10 6 cells/ml) were stimulated with LPS (10 ng/ml; Sigma Aldrich) for 6 h and subsequently cocultured with Caco-2 BBe cells plated on Transwell filters (TER Ͼ500 ⍀·cm 2 ) for 24 h, and TER was measured using EVOM/Endohm (see above).
Statistical analysis. Values are means Ϯ SE. Data were analyzed using unpaired Student's t-test or one-or two-way ANOVA followed by Bonferroni's post hoc test as appropriate (GraphPad Prism 5). Statistical significance was considered when P Ͻ 0.05.
RESULTS

Chymase-induced intestinal epithelial barrier function and dysregulation of the TJ protein claudin-5 in Caco-2 BBe cells.
We previously demonstrated that chymase stimulation of Caco-2 BBe cell monolayers induced a dose-dependent decrease in TER (19) . Notably, the decreased TER correlated with increased paracellular macromolecular permeability and was dependent on the proteolytic activity of chymase. To begin to define the molecular pathways involved in chymase-mediated intestinal epithelial barrier dysfunction, we examined Caco-2 BBe epithelial TJs and adherence junction proteins, as these proteins primarily regulate paracellular macromolecular permeability. Western blot analysis of TJ protein expression in Caco-2 BBe cells revealed the presence of claudin-1, -2, -3, and -5 and occludin (Fig. 1A) . Chymase stimulation induced a significant decrease in detectable levels of claudin-5 protein (Fig. 1, A and B) : claudin-5 levels began to decrease by 4 h and were nearly completely absent 12 h following chymase stimulation ( Fig. 1, A and B) . Importantly, the effect of chymase was specific to claudin-5, as we observed no changes in the level of claudin-1, -2, and -3, occludin, and E-cadherin protein following 12 h of chymase stimulation ( Fig. 1A and results not shown). To assess whether the chymase-induced decrease in claudin-5 protein levels was associated with loss of claudin-5 at epithelial TJs, we used immunofluorescence analysis to examine claudin-5 and E-cadherin expression in Caco-2 BBe cells. Assessment of control-treated Caco-2 BBe cells revealed claudin-5 and E-cadherin colocalization at the cellular junctions ( Fig. 1C ; yellow signal). We also observed positive claudin-5 staining within the intestinal epithelial cells (green signal), suggesting intracellular pooling of claudin-5 ( Fig. 1C) . In contrast, chymase-stimulated Caco-2 BBe cells demonstrated a significant decrease in colocalization of claudin-5 and E-cadherin at the cellular junctions (Fig. 1C) . Importantly, we observed no change in expression of the adherence junction protein E-cadherin (red signal), indicating TJ specificity (Fig.  1C) . Collectively, these data reveal that chymase-induced reduction in intestinal barrier function in Caco-2 BBe cells is associated with decreased claudin-5 expression and localization at cellular junctions. 
Chymase stimulates intestinal epithelial cell MMP-2 production, secretion, and activation in Caco-2 BBe cells.
Chymase cleaves several physiological substrates important for tissue remodeling and ECM degradation through direct cleavage of ECM proteins, such as fibronectin, vitronectin, and procollagen, and through the activation of ECM-degrading proteases, including MMPs (31, 69, 75) . Notably, MMPs have previously been linked to degradation of TJ proteins, including claudin-5 (45) . Gelatin zymography analysis revealed that chymase stimulation of Caco-2 BBe cells induced a significant increase in the total MMP-2 protein level (Fig. 2, A and B) . Importantly, we observed an increase in the level of pro-MMP-2 and active MMP-2, indicating that chymase also enhanced MMP-2 activation (Fig. 2, A and B) . The chymasemediated induction was specific to MMP-2, as we observed no significant change in expression of the other gelatinase, MMP-9, following chymase stimulation ( Fig. 2A) . The demonstration of increased active MMP-2 in Caco-2 BBe cells following chymase stimulation suggests that chymase may directly induce MMP-2 activation. Activation of MMP-2 is mediated by multiple pathways, including membrane-bound membrane type 1 (MT1) MMP/tissue inhibitor of MMP (TIMP)-2 (MT1-MMP/TIMP-2) complexes, oxidative stress, sulfhydryl-reactive compounds, conformational changes, and other proteinases, including MMPs (64) . To determine whether chymase can directly activate MMP-2, we incubated recombinant chymase with purified pro-MMP-2. We show that chymase directly induced a dose-dependent increase in MMP-2 activation (Fig. 2C) . Additionally, the level of chymase-induced MMP-2 activation was increased in the presence of the glycosaminoglycan (GAG) heparin (35) , which enhances chymase proteolytic activity (Fig. 2C) . Collectively, these data confirm that chymase directly induces MMP-2 activation. (87) and blood-retinal barrier function (18) , which led us to hypothesize that MMP-2 induces intestinal epithelial barrier dysfunction. MMP-2, and not vehicle, stimulation of Caco-2 BBe cells induced a significant timedependent decrease in TER (Fig. 3) . Notably, the kinetics of MMP-2-mediated reduction in TER were comparable to those of chymase (Fig. 1B) , demonstrating a reduction in TER by 4 h of stimulation that was sustained over 12 h (Fig. 3) (19) . To confirm MMP-2 specificity, we examined MMP-2-induced TER in the presence of the specific MMP-2 inhibitor ARP100 (43, 54, 72) and show that ARP100 significantly blocked MMP-2-induced decreased TER (Fig. 3) . These findings demonstrate that MMP-2 is sufficient to disrupt intestinal epithelial barrier function in Caco-2 BBe cells.
MMP-2 disrupts epithelial barrier function in Caco-2 BBe cells. Experimental analyses have demonstrated that MMP-2 disrupts endothelial TJs
MMP-2 inhibition blocks chymase-induced Caco-2 BBe cell intestinal epithelial permeability.
After the demonstration that MMP-2 can regulate intestinal epithelial permeability and that the temporal regulation of chymase-induced MMP-2 production and activation correlated with the TER response ( Fig. 3 ) (19), we hypothesized that chymase-mediated intestinal epithelial permeability in Caco-2 BBe cells is mediated by MMP-2. Chymase stimulation of Caco-2 BBe cells induced a significant decrease in TER compared with control-treated cells (Fig. 4A) . Addition of the MMP-2 inhibitor ARP100 attenuated the chymase-induced decrease in TER (Fig. 4A) . Moreover, the TER of Caco-2 BBe cells stimulated with chymase for 12 and 24 h in the presence of ARP100 was comparable to that of controltreated cells (Fig. 4A) . Gelatin zymography revealed that ARP100 abrogated chymase-induced MMP-2 activation, but not production (Fig. 4, B and C) , indicating that inhibition of the chymase-mediated TER response was not due to loss of MMP-2 expression but, rather, level of activation. These data indicate that the chymase-induced decrease in TER is mediated by a MMP-2-dependent mechanism. We next assessed the relative contribution of MMP-2 to the dysregulation of the intestinal epithelial TJ protein claudin-5 (Fig. 5) . Stimulation of Caco-2 BBe cells with MMP-2 decreased claudin-5 protein expression (Fig. 5, A and B) . Notably, MMP-2 had no effect on claudin-1, -2, and -3 or occludin, indicating MMP-2-specific effects on claudin-5 (Fig. 5, A and B, and results not shown) . To determine the contribution of MMP-2 to the chymasemediated decrease in TJ expression, we assessed claudin-3 and -5 levels in chymase-stimulated Caco-2 BBe cells in the presence of the MMP-2 inhibitor ARP100 (Fig. 5, C and D) . Consistent with our previous demonstration, chymase stimulation of Caco-2 BBe cells induced a significant decrease in claudin-5 protein levels (Fig. 5, C and D) . Notably, the chymase-mediated decrease in claudin-5 protein levels was significantly blocked in the presence of the MMP-2 inhibitor ARP100 (Fig.   5, C and D) . Importantly, the chymase-mediated effects were independent of any modification of claudin-3 levels, confirming chymase specificity (Fig. 5C ). These results suggest that chymase-mediated dysregulation of claudin-5 was mediated by MMP-2-dependent pathways.
Chymase-induced intestinal epithelial permeability in Caco-2 BBe cells is dependent on PAR-2. PAR-2 activation in prostate cancer cells leads to MAPK signaling and increased levels of MMP-2 (80) . Furthermore, recent studies demonstrated that chymase-induced glomerular albumin permeability is mediated by PAR-2 signaling (62) (Fig. 6A and results not shown) . To assess the relative contribution of PAR-2 to chymase-induced intestinal epithelial permeability, TER was measured in Caco-2 BBe cells stimulated with chymase in the presence of the antihuman PAR-2-neutralizing antibody SAM11 (85) . We show that blockade of PAR-2 activation abolished the chymaseinduced decrease in TER (Fig. 6B) . Notably, loss of PAR-2 activation inhibited chymase-induced MMP-2 activation (Fig.  6C) . To confirm the requirement of PAR-2 in chymase-induced intestinal epithelial permeability, we examined TER and dextran-FITC flux in Caco-2 BBe cells transduced with control shRNA or PAR-2 shRNA lentiviral particles. We show that PAR-2 shRNA knockdown of PAR-2 activity abrogated the chymase-induced decrease in TER and dextran-FITC flux (Fig.  6D) . These findings confirm a role for PAR-2 in chymaseinduced MMP-2 expression and reduced TER and indicate that chymase-induced intestinal epithelial permeability was mediated by PAR-2-dependent pathways.
Mast cells mediate epithelial barrier function through chymase secretion. The in vitro experiments described in the present study were performed with purified chymase. To directly assess the role of mast cell-derived chymase in intestinal epithelial barrier function, we developed a BMMC-intestinal epithelial cell culture system. Caco-2 BBe cells were grown as a monolayer on Transwell filters and placed in wells containing unstimulated C57Bl/6 WT or chymase-deficient Mcpt4 Ϫ/Ϫ BMMCs in the basolateral chamber, and TER was monitored. Caco-2 BBe cells maintained a constant TER over 12 h. Addition of unstimulated WT BMMCs induced a time-dependent decrease in intestinal epithelial cell TER that was significant by 2 h and remained for 12 h (Fig. 7) . Strikingly, Mcpt4 Ϫ/Ϫ BMMCs did not alter the TER of Caco-2 BBe cell monolayers over the 12-h time course (Fig. 7) . Caco-2 BBe cell viability was not significantly different between groups, indicating that the decrease in TER was likely not attributed to an increase in cell death (results not shown). To confirm that the response was chymase-specific, intestinal epithelial cells were incubated with WT BMMCs in the presence of the chymase inhibitor chymostatin. Remarkably, inhibition of chymase proteolytic activity blocked the mast cell-mediated reduction in TER (Fig. 7) . Collectively, these results suggest that unstimulated BMMCs constitutively release chymase, which negatively impacts intestinal epithelial barrier function.
Mast cell activation has been linked to increased intestinal epithelial permeability (20, 88) . To determine chymase involvement in activated mast cell regulation of intestinal epithelial permeability, we examined TER in the BMMC-intestinal epithelial cell culture system following LPS stimulation. Addition of LPS-stimulated WT BMMCs induced a timedependent decrease in intestinal epithelial cell TER that was significant by 2 h and remained for 6 h before returning to baseline by 24 h (Fig. 8A) . Similarly, addition of LPS-stimulated Mcpt4 Ϫ/Ϫ BMMCs also reduced TER of Caco-2 BBe cell monolayers over the same time course (Fig. 8A) . Notably, the level of reduction of TER was significantly lower in LPSstimulated Mcpt4 Ϫ/Ϫ BMMCs than WT BMMCs (Fig. 8A) . To ascertain potential pathways involved in the regulation of intestinal epithelial TER independent of chymase, we assessed LPS-induced BMMC chymase and cytokine release. We show that LPS stimulation of BMMCs leads to significantly increased chymase, TNF-␣, and IL-6 release (Fig. 8B) . Collectively, these results suggest that chymase contributes to activated BMMC regulation of intestinal epithelial barrier function; however, pathways independent of chymase can also modify barrier function.
DISCUSSION
Proteases have long been recognized to contribute to various aspects of epithelial migration, integrity, and barrier function; however, the effects of proteases are complex, as they have been demonstrated to have beneficial and deleterious effects on the epithelium (5, 67). In mice lacking the serine proteases matriptase [membrane-type serine protease-1 (MT-SP1)] and prostatin (CAP1/PRSS8), development of the epidermis is impaired, leading to a defect in skin barrier function and resulting in postnatal lethality (12, 35, 36) . Conversely, excessive proteolytic enzymatic activity due to mutations in SPINK-5, which encodes the serine protease inhibitor LEKTI, leads to impaired barrier function and is likely to contribute to the atopic predisposition seen in Netherton syndrome (12) . We recently identified a role for the mast cell-derived serine protease chymase in intestinal epithelial permeability (19) . We showed increased intestinal epithelial resistance in mice deficient in chymase (Mcpt Ϫ/Ϫ ) (19); however, the molecular basis underlying protease-induced alterations to intestinal epithelial barrier function was not examined. In the present study, we employed an in vitro intestinal epithelial model system to begin to delineate the molecular pathways involved in chymase regulation of intestinal epithelial barrier function. We show 1) that chymase induced an increase in human intestinal epithelial permeability that was dependent on chymotryptic activity and associated with degradation of the TJ protein claudin-5, 2) that chymase stimulates MMP-2 de novo synthesis and activation, 3) that chymase-induced intestinal epithelial permeability is dependent on MMP-2, 4) that chymase stimulated MAPK activation and MMP-2 production and that this was PAR-2 dependent, and 5) that mast cell-derived chymase-induced intestinal epithelial permeability is dependent on PAR-2.
We identified a role for chymase in intestinal epitheliumderived MMP-2 protein synthesis and activation. MMP activation is regulated at multiple levels, including transcription, proteolytic degradation, and inhibition (9, 52) . Proteolytic activation of MMP-2 predominantly occurs in an extracellular manner in cooperation with MT1-MMP and TIMP-2 (66). However, the demonstration of proteolytic activation of MMP-2 in MT1-MMP-deficient mice indicates that pathways independent of MT1-MMP can promote MMP-2 activation (56) . Several recent studies demonstrated activation of MMPs by plasmin and proteases, including chymase and even other MMPs (6, 14, 40 -42, 69) . Consistent with this concept, the levels of active MMP-2 in ear, lung, and heart tissue in Mcpt4 Ϫ/Ϫ mice were significantly reduced compared with WT mice, suggesting a role for chymase in the processing and activation of MMP-2 (69). We demonstrate chymase-mediated MMP-2 activation in the absence of cofactors including TIMP-2, MT1-MMP, or proteoglycan (PG)-GAG, indicating that chymase is sufficient to promote proteolytic MMP-2 activation. A role for chymase in MMP-9 processing and activation in animal models and Mcpt4 Ϫ/Ϫ mice has also been reported (25, 27, 47) . We did not observe chymase-induced MMP-9 activation in our in vitro analyses. One possible explanation for these differences is that chymase-mediated MMP-9 processing may occur indirectly via chymase-mediated activation of MT1-MMP/TIMP2 complexes or other proteinases, including MMPs (64) , that are absent in our in vitro systems. For example, chymase stimulates proteolytic activation of MMP-1 and -3, and MMP-3 is known to activate MMP-9 (34, 57, 71) .
Chymase is a serine protease that possesses chymotrypsinlike cleavage specificity; i.e., it cleaves substrates on the COOH-terminal side of aromatic amino acids (8) . Experimental analyses have identified (Arg-Glu-Thr-Tyr-x) residues on the amino terminal (P4-P1) side of the site of hydrolysis as the preferred amino acid at each position (53) . Assessment of the predicted amino acid sequence of MMP-2 did not reveal the consensus-preferred substrate sequence Arg-Glu-Thr-Tyr (results not shown). Although we do not know the position where chymase cleaves MMP-2 for its activation, it most likely occurs after the prodomain, which contains the cysteine switch that covers the critical zinc-binding active site. Consistent with this, chymaseinduced MMP-1 activation occurs through cleavage of the Values are means Ϯ SE; n ϭ 4 -6 individual wells per group. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. (14) . Importantly, there are several potential target cleavage sites for chymase in the same range of amino acids for MMP-2.
We show that chymase induced de novo synthesis and activation of MMP-2, which coincided with the chymaseinduced increase in intestinal epithelial permeability, suggesting that the chymase-induced response was mediated by MMP-2. Indeed, antagonism of MMP-2 function inhibited the chymase-mediated increase in intestinal epithelial permeability. MMPs exhibit differential proteolytic activity against ECM proteins; for example, the gelatinase subfamily, consisting of MMP-2 and -9, is known to degrade type IV collagen, fibronectin, and gelatin (64) . However, recent observations indicate that MMP substrates include a host of non-ECM molecules (64, 89) . We demonstrate that chymase-mediated intestinal epithelial permeability was associated with a specific decrease in claudin-5 protein levels. Furthermore, we provide data that MMP-2 induced intestinal epithelial claudin-5 degradation and that blockade of MMP-2 activity significantly attenuated the chymase-mediated decrease in claudin-5 protein levels and increase in intestinal epithelial permeability. Collectively, these data suggest that the chymase-induced increase in intestinal epithelial permeability was mediated via MMP-2-induced claudin-5 degradation. Consistent with this concept, MMP-2 has been shown to intimately associate with TJ proteins such as claudin-5 (39) and alter epithelial barrier function (16) . Furthermore, MMP-2 was reported to degrade claudin-5 in the blood-brain barrier during ischemia and reperfusion injury (15, 37, 87) . While claudin-5 has been classically associated with endothelial TJs, recent studies demonstrated the expression of claudin-5 in intestinal epithelial cells and showed it to be a potent barrier builder (44) . Indeed, overexpression of claudin-5 in Caco-2 cells induced a significant increase in the TER and a 50% reduction in permeability (2) . While our studies have been restricted to the transformed intestinal epithelial cell line Caco-2 BBe, there is evidence to suggest that these pathways may well be operational in vivo. MMP-2 has been shown to be expressed by multiple cell populations within the gastrointestinal tract, including human colonic primary epithelial cells, under normal healthy conditions (48, 79) , and MMP-2 mRNA levels are upregulated during chronic colonic inflammation associated with IBD (77) .
Recently, we demonstrated that MCPT-4 deficiency in vivo was associated with decreased intestinal permeability and that this phenotype was linked with decreased claudin-3 expression (20) . In the present in vitro study using human Caco-2 BBe cells, we revealed that human chymase/MMP-2 stimulated an increase in colonic epithelial barrier function that was linked with loss of claudin-5. On the basis of our in vivo mouse data (20) , we would have anticipated that chymase stimulation of Caco-2 BBe cells may enhance epithelial claudin-3 levels; however, we did not observe a change in claudin-3 protein levels. Differential proteolytic degradation of human and murine claudin-3 and -5 is not likely an explanation for this discrepancy, as comparative analyses of these TJ protein sequences did not identify any unique putative chymotryptic or MMP-2 cleavage sites (49) . Conversely, our in vitro studies would suggest that MCPT-4 deficiency in vivo would lead to enhanced claudin-5 expression in the small intestine. However, claudin-5 is primarily expressed in endothelial cells and is undetectable or expressed at very low levels in all compartments of the gastrointestinal tract of the mouse (23) . It is possible that the differences in chymase-mediated effects on claudin-3 expression between mouse and human may be explained by indirect effects of chymase in vivo. Moreover, while our in vitro studies indicate that chymase acts directly on the intestinal epithelium, we do not know whether the effects of MCPT-4 in vivo can be solely attributed to chymase directly stimulating intestinal epithelial cells. It is possible that chymase in vivo may indirectly alter intestinal epithelial cell permeability and claudin-3 expression. Furthermore, as we have not defined the importance of MMP-2 in chymasemediated regulation of small intestinal epithelial permeability in the mouse, we cannot exclude the possibility that the in vivo effects of chymase on claudin-3 are independent of MMP-2. Alternatively, claudin-3 dysregulation could be a direct consequence of the increase in intestinal epithelial migration in
Mcpt4
Ϫ/Ϫ mice as opposed to a direct consequence of chymase activity. Further studies are ongoing to elucidate the importance of chymase-mediated effects on claudin-3 and -5 in intestinal epithelial permeability and intestinal epithelial migration.
We demonstrate that chymase induced MMP-2 production and intestinal epithelial barrier dysfunction, which was dependent on activation of the protease-activated receptor PAR-2. PAR-2 expression was confirmed by RT-PCR analysis (results not shown), and previous studies demonstrated apical and basolateral expression of PAR-2 on Caco-2 BBe cells (32) . The intramolecular activation of PAR-2 leads to G-coupled protein activation and subsequent activation of downstream MAPK pathways (55) . Consistent with these observations, we showed that chymase stimulated intestinal epithelial cell MAPK activation (p38 and p44/42). Notably, the p38 MAPK pathway is upstream of activating transcription factor-2 (ATF-2), which is important in the regulation of MMP-2 expression (29, 63) . Assessment of ATF-2 activation also revealed increased ATF-2 phosphorylation in Caco-2 BBe cells following chymase stimulation (results not shown), suggesting that chymase induces MMP-2 expression via the p38/ATF-2 pathway. PAR-2 activation has been associated with enhanced vascular permeability (28) . We demonstrate that PAR-2 activation was required for chymase-induced MMP-2 expression by intestinal epithelial cells. We postulate that chymase signaling through PAR-2 stimulates MMP-2 production and that MMP-2 induces an increase in intestinal epithelial permeability. An alternative explanation is that PAR-2 activation promoted the redistribution of TJ proteins, leading to altered intestinal epithelial permeability. Consistent with this, basolateral PAR-2 activation of intestinal epithelial cells induced TJ protein redistribution (32) . Western blot analysis of total protein from Caco-2 BBe cells revealed loss of claudin-5 protein, suggesting that the phenotype was related to proteolytic loss of claudin-5; however, we cannot rule out a role for PAR-2 signaling in the redistribution of intestinal epithelial TJ proteins and modification of paracellular permeability. These studies warrant further investigation to decipher the specific role of PAR-2 in chymase-mediated epithelial dysfunction.
Mast cells are classically considered to require activation by various stimuli, including bacteria, viruses, and allergens, to undergo degranulation (101). Indeed, we show that LPS stim-ulation of BMMCs induces TNF-␣ and IL-6 secretion. The mast cell-derived chymase-induced increase in intestinal epithelial permeability in the absence of external activation (19) (Fig. 8) suggests that mast cells constitutively release chymase independently of exogenous activation (constitutive mast cell degranulation). Mast cells can undergo piecemeal degranulation, i.e., a slow and selective release of mediators in small vesicles that bud from the granules and fuse with the cell membrane, which is postulated to be the most prevalent form of granule loss observed in normal human tissue mast cells in situ yet remains poorly understood. Notably, we also demonstrated increased chymase activity in the presence of heparin. Mast cell granules contain serglycin PG, composed of heparinor chondroitin sulfate-type GAGs attached to the serglycin core protein. Serglycin PGs interact with mast cell proteases to regulate storage, activity, and processing (49, 65) . Through its GAG side chains, serglycin binds chymase with very high affinity, and chymase remains complexed with serglycin PG following mast cell degranulation (17, 61) . The interactions between serglycin PG and chymase regulate chymase's substrate specificity and activity (50) . It is postulated that heparin interactions with proteins via heparin-binding domains lead to efficient substrate presentation to the chymase-heparin complex, thus facilitating efficient degradation (68) . However, heparin-binding properties are not an absolute prerequisite for substrate presentation to chymase, as a number of proteins such as angiotensin I and albumin are non-heparin-binding proteins (49) .
Proteases, including tryptase and cathepsin G, have been shown to be constitutively released by mast cells, have the capability to induce PAR and MMP-2 activation, and regulate intestinal epithelial barrier function. However, we demonstrate that chymase primarily drives intestinal epithelial barrier function. The chymase specificity is likely derived from the discrete differences in molecular pathways involved in regulation of protease-mediated PAR, MMP-2 activation, and barrier function. Moreover, while there is evidence of tryptase activation of PAR-2 and MMP-2, tryptase-induced activation of MMP-2 occurs via an PAR-2-independent manner (86) . Furthermore, cathepsin G dysregulation of intestinal epithelial barrier function is mediated by PAR-4 on intestinal epithelial cells, and there is little evidence of cathepsin G-induced MMP-2 activation (10, 11) . Thus the specificity of chymase over other proteases, such as tryptase and cathepsin G, may be attributable to substrate specificity (PAR-2 vs. PAR-4) within the local intestinal environment.
A number of studies performed by us and others report that, under conditions of mast cell activation (soluble antigen and helminth), altered intestinal epithelial permeability can occur independently of mast cell chymase activity (20, 33) . We show that LPS-stimulated BMMCs stimulate an increase in intestinal epithelial permeability that was independent of chymase activity. Activation of mast cells by IgE-dependent and -independent mechanisms leads to the release of mediators, including proteases (tryptases and chymases), autacoid mediators (histamine and serotonin), and cytokines (IL-13, IL-6, and TNF-␣), which have been implicated in intestinal epithelial barrier dysfunction via dysregulation of components of trans-and paracellular permeability (30, 73, 88) . We show that LPS stimulation of BMMCs induced a decrease in intestinal epithelial permeability, notably that intestinal permeability was mediated by MCPT-4-dependent and -independent mechanisms. These data indicate that, under conditions of immune activation, multiple mast cell-driven pathways may contribute to intestinal epithelial barrier dysfunction independent of MCPT-4.
In summary, our results demonstrate that mast cell chymase induces a decrease in intestinal epithelial barrier function through the production and activation of MMP-2, signaling through PAR-2, and TJ protein degradation. We speculate that this is one of the mechanisms of barrier dysfunction in mast cell-mediated diseases such as food allergies. Further characterization of PAR-2 signaling, as well as intracellular signaling cascades, may be useful to understand the regulation of intestinal barrier function. The notion that increased intestinal permeability precedes and can predispose patients to chronic inflammatory disease highlights the importance of understanding the mediators and mechanisms that regulate intestinal permeability. Better understanding of these pathways will be useful in the future treatment and prevention of diseases including IBD, food allergies, and diabetes.
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